Introduction
of the E. coli RNR (~10 s −1 ). 5 Accordingly, Uhlin and 730 C 439 in 2. The necessity of these residues for catalysis was established by site-directed mutagenesis experiments. 6, 7 The thermodynamics of Y or W oxidation require that proton transfer (PT) accompanies electron transfer (ET) at physiological pH. In RNR, these transfers are proposed to occur in a concerted fashion to prevent formation of high-energy, charged intermediates, thereby requiring a proton-coupled electron transfer (PCET) at each step. [8] [9] [10] In our model, orthogonal PCET steps are operative in 2, with the proton and electron transferring from the same donor to different acceptors, whereas co-linear PCET steps are operative in 2, with the proton and electron moving between the same donor/acceptor pair ( Figure  3a) . 7, 10, 11 Our current model for the thermodynamics of radical transfer (RT) has evolved from studies in which the reduction potentials have been modulated at each Y on the pathway (Figure 3b ). [12] [13] [14] It holds that the potentials increase from Y 122 < Y 356 < Y 731 ≈ Y 730 ≤ C 439 , with the uphill forward oxidation driven by irreversible loss of H 2 O during nucleotide reduction. We now give an account of the results that have given rise to our RT mechanism and thermodynamic model.
Tools Protein engineering
The study of RT is complicated by the fact that the PCET events are masked in the wild-type (wt) RNR by rate-limiting protein conformational changes that occur upon binding of nucleotides to 2 2 prior to RT. 5 To perturb the native RT pathway in a predictable way, we have utilized two methods for site-specific incorporation of eight unnatural amino acids (UAAs) with altered reduction potentials and/or pK a s into RNR ( Figure 4a , Table 1 ). One method involved the semisynthesis of 2 by expressed protein ligation (EPL), 15, 16 whereas the second utilized in vivo nonsense codon suppression. 13, 17 Current research utilizes the latter method, as it may be applied to any residue in either subunit, minimizes mutations to the native enzyme relative to EPL, and has allowed isolation of 100 mg quantities of protein ( Figure 4b ).
Kinetic techniques and spectroscopic methods
The reactivity of a mutant protein, once isolated, is studied by rapid kinetic techniques to unveil radical intermediates. In a typical experiment, a solution containing a mutant subunit ( 2 or 2) and S is rapidly mixed with a solution containing the complementary wt subunit and E, and the reaction monitored with millisecond time resolution for loss of Y 122 • and formation of a new radical(s) ( Figure 5 ). Changes can be monitored continuously by stopped-flow (SF) UV-vis or fluorescence spectroscopies, or discontinuously using either a rapid freeze quench (RFQ) apparatus and paramagnetic resonance spectroscopy or a rapid chemical quench (RCQ) apparatus and scintillation counting of a radiolabeled product. Figure 6 shows the spectroscopic signatures of the stable diferric-Y 122 • in 2. The cofactor gives rise to a UV-vis spectrum with a sharp feature at 411 nm ( Figure 6a ) and an EPR spectrum (9 GHz) with hyperfine couplings associated with one of its two -methylene protons and its 3,5 aromatic protons (Figure 6b ). The g tensors [g x , g y , g z ) determined by high-field (HF) EPR (94 or 140 GHz) are particularly informative, as g x is very sensitive to the electrostatic (i.e., H-bonding) environment of the Y• (Figure 6c ). EPR and related methods, including pulsed electron-electron double resonance (PELDOR) 20 and HF [ 2 H]-electron nuclear double resonance (ENDOR) 21 spectroscopies, have allowed characterization of stable and transient radicals observed in engineered RNRs. Together, these methods have provided tools for the study of RT in RNR.
Complexities in studying E. coli class Ia RNR
Two unresolved issues have complicated our mechanistic studies. The first is the apparent half-sites reactivity of RNR, 5, 19 a phenomenon in which radical initiation occurs initially within a single / pair and a chemical or conformational step during or subsequent to product formation then triggers RT on the second / pair. 5 The second RT event is prevented when a radical is trapped in the first / pair by replacing the S with a mechanism-based inhibitor 20 or by modulating the energetics of RT using UAAs. 19, 23 The second issue concerns the stoichiometry and distribution of Y 122 • within 2. The diferric-Y• in 2 is self-assembled from apo-2 to give ~1.2 Y•/ 2 and while the loading of radical in each monomer is unknown, our in vitro biochemical studies suggest it is evenly distributed (0.6 Y•/ ).
Evidence for a pathway of redox-active amino acids
Our earliest experiments sought to validate the proposed pathway and the redox reactivity of its constituents (Figure 3a) . The role of Y 356 in the C-terminal tail of 2 was first studied, as its position relative to other residues is unknown ( Figure 1 ). Using EPL, Y 356 was replaced with 3,4-dihydroxyphenylalanine (DOPA, 2, Figure 4a ), which has a peak potential (E p ) 260 mV lower than Y (pH 7, Table 1 ) and was utilized as a radical trap. Reaction of Y 356 DOPA-2 with wt-2, S, and E resulted in loss of 50% of the initial Y 122 • concomitant with formation of an equal amount of DOPA 356 •. 19 No DOPA 356 • was observed in the absence of the second subunit or nucleotides. The kinetics of DOPA 356 • formation involved multiple phases, the majority of which were kinetically competent (i.e., faster than the wt k cat ); however, the mutant was unable to make dNDP. These studies demonstrated that nucleotides are required to trigger RT and provided the first evidence for conformation changes associated with RT.
Our attention turned to investigating the roles of Y 731 and Y 730 in 2. In collaboration with the Schultz lab, an orthogonal tRNA synthetase (RS) that specifically recognizes 3-aminotyrosine (NH 2 Y, 3, Figure 4a ] was evolved and was used to incorporate NH 2 (Figure 7] . 17, 24 Radical formation again required the presence of both subunits and nucleotides, was biphasic, and was kinetically competent for all S and E pairs for all three NH 2 Y-RNRs. In contrast to DOPA, however, all NH 2 Y-RNRs were active in dNDP production. Additional experiments revealed that NH 2 Y• was formed only when the other Ys in the wt RT pathway were intact. This result was interpreted as evidence that NH 2 Y• formation is pathway-dependent and not the indirect consequence of introducing a thermodynamic trap into the protein. 25 Evidence for an active α2 β2 complex resembling the docking model
The ability to generate moderately stabilized NH 2 Y•s (t 1/2 on min scale) at positions along the pathway coupled with the half-sites reactivity of RNR allowed us to test whether the docking model (Figure 1) 2 is an accurate representation of the active RNR. Specifically, PELDOR spectroscopy, a technique that detects weak dipolar interactions between paramagnetic species separated by 20-80 Å, was utilized to measure diagonal distances between a radical generated on the pathway in one / pair and the Y 122 • on the second / pair (Figure 8 1 were all in excellent agreement with the distances predicted by the docking model. 20, 23 We have also observed that generation of an NH 2 Y• on the pathway induces a tight, kinetically stable 2/ 2 interaction. 26 At low 2 and 2 concentrations in the presence of S and E pairs, the wt 2/ 2 interaction is weak (K d = 50-400 nM) and transient (k off ~50-100 s −1 ). 4, 27 In contrast, under conditions that generate NH 2 Y 730 •, the binding between Y 730 NH 2 Y-2 and wt-2 is tight (K d = 7 nM), cooperative, and long-lived (k off ~10 −3 s −1 ). The stable complex has been structurally characterized by electron microscopy (30 Å resolution) and was found to be consistent with the docking model, providing the first direct visualization of RNR in a catalytically relevant state. 26 
Mechanism of long-range PCET in E. coli RNR pK a s of pathway residues
UAAs with perturbed pK a s (Figure 4a, 1 and 4-8, and Table 1 ) provide a means to study the nature of the PT coupled to ET (i.e., orthogonal vs. co-linear PCET, Figure 3a ). To interpret the results of such experiments, we initially determined the extent to which the pK a s of the pathway Ys are modulated by their local protein environment using NO 2 Y ( (7.2). 15, 28 In contrast, NO 2 Y incorporated at position 122 of 2 revealed an increase in pK a by >2.5 units, 28 suggesting that the hydrophobic pocket surrounding the cofactor confers unique properties on Y 122 relative to the other pathway Ys. X-ray structures of 2 and 2 mutants containing NO 2 Y revealed minimal changes in comparison to structures of the respective wt subunits. 28, 29 
Mechanism of RT in β2
Our proposal for orthogonal PCET in 2 ( Figure 3a Figure 4a ), which has a pK a of 7.8. 30 A pH rate profile of dCDP formation with Y 356 (2,3)F 2 Y-2 and wt-2 revealed that the complex was active from pH 6-9, indicating that ET through position 356 does not require PT and suggesting that an H-bond to Y 356 is not necessary for RT through that position. 30 Subsequently, a complete series of F n Ys (4-8, Figure 4a ) with pK a s ranging from 5.6-7.8 (Table 1) were incorporated at position 356. In no case was a correlation between enzyme activity and protonation state observed, consistent with an orthogonal PCET mechanism. 16 An orthogonal PCET mechanism involving 356 suggests the importance of a proton acceptor. This was proposed to be the conserved acid E 350 in the C-terminus of 2 ( Figure  3a ) 6 after Sjöberg and colleagues observed that E 350 A-2 is catalytically inactive despite maintaining its ability to bind 2 and to assemble cofactor. 6 14 While these results highlight the importance of E 350 in mediating RT through position 356, the inactivity of these and the E 350 D-and E 350 Q-2 mutants prevents drawing strong mechanistic conclusions.
Mechanistic insight into the first step of RT, reduction of Y 122 •, has been investigated in collaboration with the Bollinger/Krebs lab. 31 The model ( Figure 3a) proposes that Y 122 • reduction is coupled to PT from a Fe1-bound water. To test this hypothesis, the Mössbauer spectrum of the resting diferric-Y 122 • in [ 57 Fe]-loaded wt-2, wt-2, and E was compared to that of the Y•-reduced cofactor generated upon reaction of 2, 2 and E with 2 -N 3 UDP. 1 The similarities in the isomer shifts and the differences in the quadrupole splitting parameter associated with Fe1 suggest no change in the Fe oxidation state and a change in ligation to Fe1 from a bound water to a bound hydroxide, consistent with PT from this ligand to the reduced Y 122 . 31 
Mechanism of RT in α2
Experimental evidence for co-linear PCET within 2, suggested by the proximity of pathway residues in the 2 structure, was obtained by studying light-initiated RT in systems in which the 2 subunit is replaced by a photopeptide (Figure 9 ). 7, 10 The peptide corresponds to the C-terminal 19 amino acids (356-375) of ( C19) 32 The redox-inert Y 730 F-2 prevented dCDP formation, supporting co-linear transport of an H + and e − . 32 Figure 4a , Table 1 ) incorporated at position 356 of 2 by EPL provided access to E p s that varied from −50 mV to +250 mV relative to Y in the pH 6-9 range in which RNR is active ( Figure 11 ). 18 Figure 4a ) has allowed us to explore the consequence of lowering the potential at positions on the pathway by 260 and 190 mV, respectively ( 
Increasing the driving force of RT at position 122: NO 2 Y and F n Ys
In an effort to characterize the native Y• intermediates, we replaced Y 122 with NO 2 Y and F n Ys (1 and 4-7, Figure 4a ). We anticipated the ability to generate radicals of NO 2 Y and F n Ys at this position given the unique mechanism of diferric-Y 122 • assembly in the wt enzyme, which utilizes a strongly oxidizing Fe 3+ /Fe 4+ intermediate ("X," Figure 12 ). 7 A three-syringe, double-mixing apparatus was employed for these experiments in which Fe IIloaded Y 122 NO 2 Y-2 was rapidly mixed with O 2 -saturated buffer to generate NO 2 Y 122 • (1.2 eq/ 2, t 1/2 ~40 s at 25 °C) on the first syringe drive, followed immediately by reaction of this short-lived NO 2 Y 122 • with wt-2, S, and E on the second syringe drive (Scheme 1, step 1). 29 The reaction was monitored by SF, RFQ-EPR, RFQ-PELDOR and RCQ methods ( Figure 5 ) and the results are summarized in Scheme 1. 29 After assembly of the active cofactor, NO 2 Y 122 • is rapidly reduced (>100 s −1 ) in the first step of RT to generate the phenolate (NO 2 Y 122 − ) rather than the anticipated phenol, indicating an uncoupling of PT from ET. All subsequent steps, including formation of dCDP and a new Y•(s), occurred with similar rate constants (>100 s −1 ). The ability to detect dCDP and new Y• formation at rate constants 10-to 50-fold faster than the wt k cat indicated that disruption of the PT/ET coupling in the first step bypassed the conformational change that is rate-determining in the wt enzyme. Only 0.6 eq dCDP/ 2 and 0.6 eq Y•/ 2 were generated in this process, indicating that the mutant enzyme (1.2 NO 2 Y 122 •/ 2) could perform only a single turnover with half-sites reactivity, presumably due to inability to reoxidize the NO 2 (Figure 3b ). 12 To explore reactivity in the ~200 mV regime separating NO 2 Y and Y, a series of F n Ys (4-7, Figure 4a ) were incorporated in place of Y 122 . Assuming that Y 122 F n Y-2s experience a pk a perturbation similar to that of NO 2 Y 122 (>2.5 units), 28 all F n Ys would remain protonated at pH 7.6 and would vary from 50 mV easier to 100 mV harder to oxidize than Y (Figures 3b  and 11 ). 18 Using an evolved, polyspecific F n Y-RS, four Y 122 F n Y-2s were isolated, and the assembly and stability of their F n Y 122 •s were spectroscopically characterized. 13, 14 Their EPR spectra feature hyperfine couplings of the radical to the fluorine nuclei, giving rise to sharp low-and high-field features that facilitate spectral deconvolution of F n Y 122 •s from pathway Y•s (Figure 13a ). 13 (Figure 3a) . 2, 7 This residue has been shown to participate during in vitro cofactor assembly, but its role in long-range RT has not been established. 13, 14, 29 From the studies conducted to date, a thermodynamic landscape for the RT pathway is emerging (Figure 3b) 12 Finally, C 439 is placed at a reduction potential quite similar to or slightly elevated above the 730/731 dyad based on the solution reduction potential of glutathione radical at neutral pH. 36 In our model, the forward RT pathway is thus uphill, and C 439 oxidation is driven by the rapid, irreversible loss of water in the second step of nucleotide reduction (Figure 2 ), 1,3 and the reverse RT pathway is downhill and rapid.
Conclusions
This account summarizes the results of recent mechanistic studies on mutant E. coli class Ia
RNRs containing unnatural Y analogs at the proposed sites of stable and transient Y• formation on the RT pathway. Specifically, the results obtained from unnatural DOPA-, NH 2 Y-, NO 2 Y-and F n Ys-RNRs and light-initiated photo-RNRs, were used to establish: (1) that there exists a specific pathway containing a minimum of four Ys involved in long-range RT over 35 A across a compact, globular 2 2 resembling Uhlin and Eklund's docking model; (2) that RT occurs by orthogonal and co-linear PCET transfers in the 2 and 2 subunits, respectively; (3) that the overall thermodynamics of RT are only slightly uphill in the forward direction, with several of the intervening steps being nearly isoenergetic; (4) that the individual RT steps and the chemistry of nucleotide reduction are fast (~10 5 s −1 and >100 s −1 , respectively), despite being kinetically masked by several conformational changes (10-100 s −1 ) that occur when nucleotides bind to 2 2; and (5) that the rate-limiting conformational changes likely target the RT pathway and its tightly coupled proton and electron transfers. Mechanism of NDP reduction by RNR. The S• shown on C 439 of 2 in the first reaction step is reversibly generated by Y 122 • in 2 by the mechanism shown in Figure 3a . Note that the absolute reduction potentials of these residues, the structures of which are shown in Figure 4 , are not known, and the relative reduction potentials indicated are our best estimates given current knowledge (see Table 1 and Footnote 1). Experimental design, kinetic techniques, and detection methods for studying RT. The pathway residues and S were built in from the docking model, 2 in which Y 356 is invisible. Kinetic model for radical initiation in the reaction of Y 122 NO 2 Y-2 with wt-2, S, and E. 29 
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